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ABSTRACT 
A study of methods f o r  s u l f a t e  a i r  q u a l i t y  con t ro l  s t r a t e g y  
design has been conducted. Analyt ical  too l s  developed were t e s ted  
wi th in  a case study of t h e  na tu re  and causes of the  high s u l f a t e  
concentrations observed i n  t h e  Los Angeles area .  A p r i n c i p a l  
ob jec t ive  w a s  t o  i n v e s t i g a t e  t h e  least cos t ly  means f o r  s u l f a t e  a i r  
q u a l i t y  improvement i n  t h a t  loca le .  
A long-run average emissions t o  a i r  q u a l i t y  model was 
derived which computes p o l l u t a n t  concentra t ions  from Lagrangian 
marked p a r t i c l e  s t a t i s t i c s  based on t h e  time sequence of measured 
wind speed, wind d i r e c t i o n ,  and invers ion base motion, Physical  
assumptions drawn from ana lys i s  of e x i s t i n g  air q u a l i t y  and meteoro- 
l o g i c a l  d a t a  were used t o  adapt t h i s  model t o  a s p e c i f i c  app l ica t ion  
-- s u l f a t e  air q u a l i t y  p red ic t ion  i n  Los Angeles. An energy and sul-  
f u r  balance on the  f a t e  of energy resources  containing s u l f u r  was 
developed t o  t e s t  t h e  consistency of a s u l f u r  oxides emissions 
inventory fo r  that air basin. Then material balance arguments were 
used t o  t r a c e  s u l f u r  flows wi thin  t h a t  regional  energy economy through 
t h e  a i r  q u a l i t y  model which a l s o  conserves s u l f u r  mass. Su l fa te  a i r  
q u a l i t y  model p red ic t ions  were compared t o  h i s t o r i c a l  observations 
over the years 1972 through 1974. 'The sulfate air quality impact of 
individual emission source classes was estimated at a large number of 
air monitoring sites. 
A hybrid theoretical-empirical model was constructed which 
explains the relationship between sulfate air quality and prevailing 
visibility at Los Angeles. An estimate was made of the visibility 
improvement which would have accured if Los Angeles sulfate concen- 
trations were reduced by 50 percent on each past day of record. Then 
two emissions control strategy example calculations were performed 
to illustrate the means by which the air quality model results could 
be used to evaluate the cost of attaining such an air quality improve- 
ment. 
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1.0 Introduction 
A study of pa r t i cu l a t e  s u l f a t e  a i r  qua l i ty  control  opportuni t ies  
i n  the South Coast Air Basin has been conducted. The pr inc ipa l  
object ives  of t h a t  study were t o  obta in  a physical descr ipt ion of 
the nature and causes of the high s u l f a t e  concentrations observed 
i n  the Los Angeles area, and to investigate the least costly means 
f o r  s u l f a t e  a i r  qua l i ty  improvement i n  t h a t  locale .  
Pa r t i cu l a t e  su l f a t e s  accounting f o r  a few percent of the  su l fu r  
content of fuel a r e  e m i t t e d  directly from most combustion processes. 
Additional s u l f a t e s  form from atmospheric oxidation of SO2 downwind 
from a su l fu r  oxides source. These water-soluble su l fur  oxides 
p a r t i c l e s  accumulate i n  a s i z e  range around 0.5 microns i n  diameter 
i n  the  Los Angeles atmosphere (Hidy e t  al. ,  1975). Pa r t i c l e s  of t h i s  
s i z e  a r e  extremely e f f ec t ive  s c a t t e r e r s  of l i g h t  (Middleton, 1952), 
and a l so  a r e  capable of deep penetration i n t o  the  lung (Task Group, 
1966). Recent s tud ie s  ind ica te  t h a t  s u l f a t e s  contr ibute  t o  
v i s i b i l i t y  de te r iora t ion  (Eggleton, 1969; Charlson e t  al., 1974; 
Waggoner et  al. ,  1976; Weiss e t  a l , ,  1977; White and Roberts, 1977) 
and t o  the ac id i f i ca t ion  of r a in  water ( C u g b i l l  a ~ d  Likens, 1974; 
Likens, 1976) throughout the  United S ta tes  and i n  Europe. 
In Figure 1, it  is  seen t h a t  two areas  of the  United S ta tes  
a r e  affected by high s u l f a t e  concentrations: t he  e n t i r e  Eastern 
United S ta tes  and port ions of southern California.  The Los Angeles 

s u l f a t e  problem presents  an e x c e l l e n t  choice f o r  a case  study of 
s u l f a t e  a i r  q u a l i t y  con t ro l  oppor tun i t i e s  because i t  is  s e l f-  
contained: i t  spans a s n ~ a l l  e1wug11 geugraphic area that one can 
draw a box around i t  and analyze i t  i n  g r e a t  d e t a i l .  I n  the  process,  
i n s i g h t s  w i l l  be acquired t h a t  should he lp  those  charged with control  
of s u l f a t e  a i r  q u a l i t y  problems of g r e a t  geographic ex ten t  i n  the  
Eastern United S t a t e s  and i n  Europe. 
The research plan f o r  t h i s  study i s  shown i n  t h e  upper por t ion  
of Figure 2. Mathematical models r e l a t i n g  s u l f u r  oxides emissions 
t o  s u l f a t e  air q u a l i t y  and t o  e f f e c t s  on v i s i b i l i t y  a r e  v e r i f i e d  
a g a i n s t  h i s t o r i c a l  monitoring da ta .  Examples a r e  then given t o  show 
how those models can be used t o  d e f i n e  t h e  l e a s t  c o s t l y  path  toward 
s u l f a t e  a i r  q u a l i t y  improvement. Findings es tab l i shed  i n  p u r s u i t  
of t h a t  research plan a r e  described i n  t h i s  Executive Summary. 
2.0 C h a r a c t e r i s t i c s  of S u l f a t e  A i r  Quali ty i n  t h e  South Coast 
A i r  Basin 
The geographic region of i n t e r e s t  i s  t h e  South Coast A i r  Basin 
which surrounds Los Angeles. A i r  q u a l i t y  da ta  from twenty-seven 
sampling s i t e s  a t  l o c a t i o n s  shown i n  Figure 3 have been analyzed 
as p a r t  of t h i s  study. P a r t i c u l a r  a t t e n t i o n  was paid t o  t h e  years  
1972 through 1 9 7 4 .  During those  years ,  t h e  Los Angeles Air Pol lu t ion  
Control D i s t r i c t  (LAAPCD), EPA's CHESS program and t h e  National A i r  
Survei l lance Network monitoring programs operated concurrently 
y ie ld ing  the  widest geographic coverage of s u l f a t e  air q u a l i t y  d a t a  
a v a i l a b l e  at t h e  s t a r t  of t h i s  inves t iga t ion .  
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Figure  3 
S u l f a t e  A i r  Qual i ty  Monitoring S i t e s  i n  o r  near the South Coast A i r  Basin 
S p a t i a l  g rad ien t s  i n  s u l f a t e  a i r  q u a l i t y  i n d i c a t e  t h a t  t h e  atmo- 
sphere over metropoli tan Los Angeles is  enriched i n  s u l f a t e s  due t o  l o c a l  
emissions sources.  Annual mean s u l f a t e  concentra t ions  above 14 pgm/m 3 
were measured over c e n t r a l  Los Angeles a t  a time when background 
3 
concentra t ions  i n  incoming marine o r  d e s e r t  a i r  averaged 3 t o  5 pgm/m . 
This loca l i zed  s u l f a t e  enrichment is  i l l u s t r a t e d  i n  Figure  4. I n  
con t ras t  t o  t h e  problems a r i s i n g  from long d i s tance  t r a n s p o r t  of 
s u l f a t e s  i n  t h e  Eastern United S t a t e s ,  a s u l f a t e  a i r  q u a l i t y  model 
can be va l ida ted  i n  t h e  South Coast A i r  Basin while employing only 
l o c a l  emissions d a t a  plus  a small increment from background s u l f a t e s .  
S u l f a t e  concentra t ions  observed a t  t h e  downtown Los Angeles 
s t a t i o n  of t h e  Los Angeles A i r  Po l lu t ion  Control D i s t r i c t  dur ing 
t h e  decade 1965 through 1974 a r e  shown i n  t i m e  s e r i e s  i n  Figure 5a. 
Concentration f l u c t u a t i o n s  from day t o  day a r e  q u i t e  l a r g e ,  w i t h  
high values  occurr ing a t  l e a s t  occasional ly  i n  a l l  seasons of t h e  
year.  However, the  da ta  can be f i l t e r e d  s t a t i s t i c a l l y  t o  r e v e a l  
seasonal t r ends ,  a s  shown i n  Figure 5b. It is seen t h a t  a broad 
summer seasonal peak i n  s u l f a t e  concentra t ions  occurs i n  a l l  years  
of record,  wi th  c l u s t e r s  of very high s u l f a t e  concentra t ions  a l s o  
observed i n  two of n ine  win te r s  examined (winter 1970-71 and winter  
1971-72). A success fu l  a i r  q u a l i t y  c o n t r o l  s t r a t e g y  study must 
consider both  high summer and high winter  s u l f a t e  condi t ions  i n  t h e  
Los Angeles area .  
SUCF RTE FIT SFIN NICNRS l SCRNO VS. DOWNTOIJN LOS FINGELESa JULY THRU OCT * 1970 
SAN NICOLAS ISLAND 
- DOWNTOWN LOS ANGELES 
Figure 5a 
Figure 5b 
I n  Figure 6 ,  the  same f i l t e r i n g  process has been applied t o  the  
LAAPCD and CHESS da ta  a t  a l l  monitoring s t a t i o n s  a c t i v e  during t h e  
period 1972 through 1974. The s i m i l a r i t y  of seasonal po l lu tan t  
p a t t e r n s  is q u i t e  s t r i k i n g .  Simultaneous 24-hour average s u l f a t e  
concentrations a t  widely separated monitoring s t a t i o n s  a r e  of near ly  
equal magnitude and a r e  highly  cor re la ted ,  a s  shown by t h e  graphs i n  
Figure 7 .  Temporal t rends  i n  t h e  a v a i l a b l e  s u l f a t e  air q u a l i t y  da ta  
base a r e  more pronounced than average s p a t i a l  gradients .  When con- 
s t r u c t i n g  a model which must expla in  t h e  dynamic na tu re  of Los Angeles 
s u l f a t e  a i r  q u a l i t y ,  concentra t ion p red ic t ions  made i n  time s e r i e s  
should be emphasized. 
The a b i l i t y  of a v a i l a b l e  f i e l d  d a t a  t o  v e r i f y  time s e r i e s  a i r  
q u a l i t y  p red ic t ions  was inves t iga ted  s t a t i s t i c a l l y .  From ana lys i s  
of measurement e r r o r s  and sampling frequency i t  was found t h a t  
s u l f a t e  air  q u a l i t y  p red ic t ions  made over monthly and longer averaging 
times could be verif ied closely.  Therefore, an a i r  quality model 
f o r  monthly average s u l f a t e  concentra t ions  w i l l  be sought. 
A mass balance on t h e  f a t e  of s u l f u r  oxides emissions i n  
Los Angeles constructed by Roberts (1975) and summarized i n  Table 1 
shows t h a t  emissions of both primary s u l f a t e s  and SO2 must be con- 
sidered.  Ground l e v e l  deposi t ion of s u l f u r  oxides is  a s i g n i f i c a n t  
removal mechanism. The atmospheric oxidat ion of SO3 t o  form addi- 
t i o n a l  s u l f a t e s  must be included wi th in  our air q u a l i t y  model i n  order 
to account for tota l  observed sulfate  concentrations. 


TABLE 1 
Material  ~ a l a n c e ( l )  on t h e  Fate  of 
Sulfur Oxides i n  Los Angeles on July  25, 1973 
(from Roberts,  1975) 
Sulfur  Oxides 
( i n  metr ic  tons per day 
s t a t e d  a s  SO2 equivalents)  
Sources 
SO2 Emissions 
Primary Su l fa te  Emissions 
Background Su l fa tes  
419 
l e s s  than 22 
7 
l e s s  than 448 
Fate 
Ground Level Dry neposition of SO 2 
- 
Ground Level Dry Deposition of SO4 
SO, Remaining Airborne 
SO = Airborne 4 
Source and f a t e  es t imates  obtained independently, hence p e r f e c t  
agreement not expected 
In order to select a chemical modeling approach, atmospheric 
sulfur oxides air chemistry first was reviewed. Then sulfate concen- 
tration changes from day-to-day were compared to fl~~ct~~ntionn i n  
the other observable components of the likely chemical oxidation 
processes. Sulfate concentration changes were shown to closely 
track changes in relative humidity and total suspended particulate 
levels, with intrusion of fog on days of very high sulfate concen- 
tration. This suggests that heterogeneous oxidation of SO 2 Or 
within wetted particles is important to days of high sulfate concen- 
tration in Los Angeles. Sulfate concentrations also were found to 
be significantly higher on days of elevated oxidant concentrations. 
Thus gas phase oxidation of SO2 by free radicals present in Los Angeles 
photochemical smog probably also is important. 
While procedures exist which would permit computation of gas 
phase SO2 oxidation rates from first principles, data on catalyst 
concentration and amonia levels needed to calculate heterogeneous 
phase SO oxidation rates on or within wetted particles are lacking. 2 
Fortunately, the pseudo-first order rate of SO2 oxidation in the 
Los Angeles atmosphere due to all chemical processes combined was 
measured during field experiments conducted in 1973. Thus it was 
decided that chemical conversion of SO2 to form sulfates should he 
modeled as a slow pseudo-first order reaction within the range of 
existing experimental data on the rate of sulfate formation in the 
Los Angeles atmosphere. 
Ambient monitoring d a t a  a l s o  were s tud ied  t o  i d e n t i f y  t h e  
meteorological  processes  which most d i r e c t l y  a f f e c t  s u l f a t e  t r a n s p o r t  
and d i spers ion .  The Los Angeles Basin i s  inf luenced by c o a s t a l  
meteorology charac te r ized  by a d a i l y  sea  breeze/land breeze wind 
r e v e r s a l .  D i f f e r e n t i a l  h e a t i n g  o f  land and s e a  s u r f a c e s  l e a d s  t o  a 
daytime wind p a t t e r n  with t r a n s p o r t  in land a c r o s s  t h e  c o a s t l i n e  as 
shown i n  Figure  8a. A t  n igh t  t h e  c h a r a c t e r i s t i c  t r a n s p o r t  p a t t e r n  
reverses  as seen i n  Figure 8b. Slow drainage winds and land breeze 
condi t ions  cause  f low o u t  t o  sea .  As a r e s u l t ,  v e c t o r  average wind 
speed (which determines air p a r c e l  r e t e n t i o n  time i n  the  bas in )  i s  
t y p i c a l l y  less than h a l f  of t h e  apparent s c a l a r  wind speed observed, 
as shown i n  Table 2. From a n a l y s i s  of a i r  p a r c e l  t r a j e c t o r i e s ,  i t  
was found t h a t  a t r a j e c t o r y  i n t e g r a t i o n  time of two days would be 
needed t o  i n s u r e  t h a t  95 percent  of t h e  air p a r c e l s  of t h a t  age  a r e  
advected t o  beyond t h e  boundaries of t h e  50 by 50 mi le  square  a r e a  
p ic tu red  i n  Figure  8. Even slow atmospheric chemical r e a c t i o n s  would 
proceed toward completion over  such long r e t e n t i o n  t i m e s  i n  t h e  air  
bas in .  
Afternoon invers ion  base  he igh t  was shown t o  govern t h e  e x t e n t  of 
v e r t i c a l  d i l u t i o n  f o r  s u l f a t e s  w i t h i n  t h i s  a i r shed ,  I n  t h e  mornings, 
inversion base height is often low enough that emissions from 
elevated sources  are i n j e c t e d  above t h e  mixed l a y e r  of t h e  a i r  b a s i n  
f o r  many hours.  Thus i t  w a s  found t h a t  t h e  key meterological  f a c t o r s  
which must be incorporated i n t o  t h e  t r a n s p o r t  por t ion  of our air 
I a1 
Typical Afternoon Onshore Flow Pattern 
July 12:OO-18:OO Hours PST 
Figure 8a 
(after DeMarrais, Holzworth and Hosler, 1965) 
( b )  
Typical Late Night Offshore Flow Pattern 
October 00:OO-07:OO Hours PST 
Figure 8b 
Table 2 
Month 
January 
February 
March 
April 
May 
June 
July 
Augus t 
September 
October 
November 
December 
Monthly Resultant Wind Data 
For Long Beach During the 
Years 1972 through 1974 
Resultant Wind Speed 
Computed after Progressive 
Vector Addition of 
Successive Wind Observations 
for Each Mmth 
(miles per hour) 
1972 1973 1974 
Scalar Average 
of Wind Velocity 
Observations 
(miles per hour) 
1972 1973 1974 
Source: U.S. Department of Commerce (1972 through 1974 ) 
To convert miles per hour to meters per second, multiply by 0,45, 
q u a l i t y  model include invers ion base  motion as  w e l l  a s  vector  valued 
wind. 
3.0 A i r  Quali ty Model Development 
Most e x i s t i n g  long-term average a i r  q u a l i t y  models l ack  t h e  
a b i l i t y  t o  reproduce those  condi t ions  most important t o  s u l f a t e  a i r  
qua l i ty  i n  a coas ta l  region l i k e  Los Angeles. Pseudo-steady s t a t e  
models which employ a j o i n t  frequency d i s t r i b u t i o n  of wind speed, wind 
d i r e c t i o n  and atmospheric s t a b i l i t y  have no hope of c o r r e c t l y  computing 
a i r  parcel  r e t e n t i o n  time i n  an a i r  bas in  character ized by a d a i l y  
s e a  breezel land breeze r e v e r s a l  i n  wind d i r e c t i o n .  That i s  because 
those models conta in  no information about the  s e r i a l  c o r r e l a t i o n  of 
t h e  wind vectors .  
Therefore a new type of simulation model was derived f o r  
d i r e c t l y  c a l c u l a t i n g  long-run average s u l f a t e  a i r  q u a l i t y  under un- 
steady meteorological  condit ions.  The model computes p o l l u t a n t  
concentra t ions  from long-run average source t o  receptor  t r anspor t  and 
reaction probabilities. These transport and reaction probabilities 
i n  t u r n  were est imated from Lagrangian marked p a r t i c l e  s t a t i s t i c s  
based on t h e  sequence of h i s t o r i c a l  measured wind speed, wind 
d i rec t ion ,  and invers ion base height  motion wi th in  t h e  a i rshed of 
i n t e r e s t .  F i r s t  order  chemical r eac t ions  and p o l l u t a n t  dry deposi t ion 
were incorporated. The model was adapted to a multiple source urban 
s e t t i n g  i n  a way which permits r e t e n t i o n  of the  air q u a l i t y  impact 
of each source c l a s s  con t r ibu t ing  t o  a i r  q u a l i t y  predic t ions  a t  each 
receptor  s i t e .  
The c a l c u l a t i o n  procedure used i n  t h a t  a i r  q u a l i t y  model can 
be summarized b r i e f l y .  S ing le  p a r t i c l e s  marked wi th  t h e  magnitude and 
i n i t i a l  chemical composition of s u l f u r  oxides  emissions from each 
source a r e  i n s e r t e d  a t  measured time i n t e r v a l s  i n t o  the  atmosphere 
above t h e  l o c a t i o n  of t h e i r  po in t s  of o r i g i n .  Depending on t h e  plume 
r i s e  c h a r a c t e r i s t i c s  of each source  and meteorological  condi t ions  a t  
t h e  time of r e l e a s e ,  a p o l l u t a n t  p a r c e l  may be i n s e r t e d  e i t h e r  above 
o r  below t h e  base of t h e  temperature invers ion  w h i c h  separaLes a well 
mixed l a y e r  nex t  t o  the  ground from a s t a b l e  a i r  mass a l o f t .  
A s  these  s u l f u r  oxides  laden a i r  p a r c e l s  a r e  t r anspor ted  down- 
wind, chemical r e a c t i o n s  and sur face  removal processes  a c t  t o  a l t e r  
t h e  mass of SO2 and s u l f a t e s  represented by each p a r t i c l e .  Su l fu r  
oxides r e s i d i n g  wi th in  t h e  mixed l a y e r  nex t  t o  the  ground a r e  a f f e c t e d  
both by ground l e v e l  d ry  depos i t ion  and by atmospheric ox ida t ion  of 
SO2 t o  form a d d i t i o n a l  s u l f a t e s .  P o l l u t a n t  p a r c e l s  s t o r e d  wi th in  
t h e  s t a b l e  l a y e r  a l o f t  a r e  i s o l a t e d  from s u r f a c e  removal processes  
but  s t i l l  a r e  a v a i l a b l e  f o r  chemical r eac t ion .  Exchange of a i r  
pa rce l s  between t h e  mixed l a y e r  nex t  t o  t h e  ground and t h e  s t a b l e  
l a y e r  a l o f t  occurs  as invers ion  basing he igh t  changes over time, a s  
p ic tu red  i n  Figure 9. 
Transport  c a l c u l a t i o n s  i n  t h e  h o r i z o n t a l  plane a r e  described 
schemat ical ly  i n  Figure 10. The t r a j e c t o r i e s  of success ive  p a r t i c l e s  
re leased  from a source form s t r e a k l i n e s  downwind from t h a t  source.  
S t r e a k l i n e s  p resen t  a t  each hour of t h e  month are computed and 
superimposed. The h o r i z o n t a l  displacement of each p a r t i c l e  loca ted  
. . 3 ; d a  
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Figure  10 
OBJECTIVE: To compute t h e  average p o l l u t a n t  concentra t ion observed 
r e s u l t i n g  from a u n i t  source  loca ted  a t  X w -  
STEP I 
SUPERIMPOSE STREAKLINES CONTAINING 
ALL FLUID PARTICLES OBSERVED: ONE 
STREAKLIME FOR EACH HOUR OF THE MONTH 
STEP 2 
LOCATE PARTICLES WITHIN 
THE CELLS OF A RECEPTOR 
GRID 
ACCUMULATE THE MAGNITUDES 
ASSOCIATED WITH THE PARTICLES 
FALLING WITHIN EACH GRID CELL 
STEP 4 
DIVIDE THE ACCUMULATED 
POLLUTANT WASS LOADING BY THE 
SIZE OF THE RECEPTOR CELL AND THE 
NUMBER OF "HOURS" BEING SUPERIMPOSED 
RESULT 
THE SOURCE TO RECEPTOR 
RELATIONSHIP HAS BEEN CALC 
MAPS EMISSIONS FROM A UNIT SOURCE 
AT LOCATION &, INTO AVERAGE POLLUTANT 
CONCENTRATION OBSERVED 
below t h e  invers ion base i s  paired wi th  t h e  pa r t i c le ' sp robab le  
chemical s t a t u s  and divided by t h e  depth of the  mixed layer  a t  the  
time t h a t  t h e  s t r e a k l i n e  of i n t e r e s t  w a s  computed. The r e s u l t i n g  mag- 
ni tudes  a r e  assigned t o  a matr ix  of receptor  c e l l s  by summing the  
contr ibut ion f o r  a l l  p a r t i c l e s  f a l l i n g  wi thin  the  same receptor  c e l l .  
To ta l s  a r e  accumulated separa te ly  f o r  SO2 and f o r  s u l f a t e s .  The 
accumulated t o t a l s  a r e  divided by t h e  dimensions of a receptor  c e l l  
and t h e  number of time s t e p s  being superimposed i n  order  to  d i r e c t l y  
ob ta in  the  s p a t i a l  d i s t r i b u t i o n  of long-term average SO2 and s u l f a t e  
concentra t ions  appearing throughout the  a i r shed ,  
By repeat ing t h a t  process f o r  each source i n  the a i rshed and 
superimposing t h e  r e s u l t s  onto an es t imate  of s u l f a t e  background a i r  
qua l i ty ,  a mul t ip le  source urban a i r  q u a l i t y  model f o r  s u l f a t e s  is  
obtained. Superposit ion i s  permitted because a l l  chemical processes 
a r e  modeled i n  a form t h a t  is l i n e a r  i n  emissions. 
P o t e n t i a l  sources of e r r o r  i n  t h i s  model a s  well  a s  the  most 
advanced t r a j e c t o r y  models i n  use  today include neglect  of wind 
shear  and neg lec t  of t h e  v e r t i c a l  component of the  wind. These 
problems can be overcome mathematically i n  our model a t  an increase  
i n  computing cost .  However, l ack  of appropr ia te  measurements on 
winds a l o f t  prevents incorporat ion of these  improvements a t  present.  
The long-run average Lagranglan marked p a r t i c l e  a i r  qua l i ty  
model has severa l  p a r t i c u l a r  meri ts .  The model need not  compute con- 
cen t ra t ion  averages from a r e a l  t i m e  sequence of events.  The order  
of i n t e g r a t i o n  over air parce l  r e l e a s e  and t ranspor t  may be arranged 
t o  minimize computing time and in termediate  da ta  s to rage  requirements. 
The ca lcu la t ions  a r e  very simple and completely s t a b l e  over time. 
There a r e  no a r t i f i c i a l  d i f f u s i o n  problems associa ted wi th  t h e  t rans-  
por t  scheme employed. Po l lu tan t  mass is completely conserved. The 
model bu i lds  i ts  own i n i t i a l  condi t ions  by i n t e g r a t i n g  backward t o  
connect a l l  locally- emitted a i r  pa rce l s  i n  the  a i r shed  a t  a given time 
t o  t h e i r  source,  A i r  pa rce l s  advected beyond t h e  edges of t h e  
receptor  g r i d  a r e  no t  l o s t  t o  the  system. Their  p o s i t i o n  is remembered 
bu t  t h e i r  magnitude is  no t  accumulated t o  a receptor  c e l l  un less  t h e  
air parce l  i s  advected back i n t o  t h e  region of i n t e r e s t .  Receptor 
c e l l s  may be s p e c i f i e d  only over those  a r e a s  where concentra t ion 
es t imates  a r e  des i red .  
When adapting t h e  a i r  q u a l i t y  model f o r  use  i n  Los Angeles, t h r e e  
approximations were made as a p r a c t i c a l  considerat ion aimed a t  conserv- 
ing  a v a i l a b l e  computing resources.  F i r s t ,  invers ion base  height  above 
groimd level over the  rentral 1.0s AnpJes  Rasin was treated  as being 
s p a t i a l l y  homogeneous at  any given time. Secondly, i t  was assumed 
t h a t  invers ion base  motion could be represented by a s t y l i z e d  d iu rna l  
cyc le  which passes  through t h e  known d a i l y  maximum and minimum inver-  
s i o n  base height ,  F ina l ly ,  a t  any s i n g l e  time, t h e  wind f i e l d  over 
t h e  Los Angeles coastal  plain (see the  area shown i n  Figure 8) w a s  
approximated a s  a uniform p a r a l l e l  flow. The f i r s t  and t h i r d  
approximations above r e s u l t  i n  a huge savings i n  computing time by 
permit t ing the  separa t ion  of t r a j e c t o r y  and chemical c a l c u l a t i o n s  
from d e t a i l e d  dependence on a given s t a r t i n g  loca t ion  i n  the  a i rshed.  
Model v a l i d a t i o n  r e s u l t s  presented s h o r t l y  i n d i c a t e  t h a t  these  approxi- 
mations t y p i c a l l y  do not  l ead  t o  e r r o r s  i n  s u l f a t e  concentration 
predic t ions  which would exceed t h e  e r r o r  bounds on the  f i e l d  air 
q u a l i t y  observations aga ins t  which t h e  model was t es ted .  
4.0 An Energy and Su l fu r  Balance on t h e  South Coast Air Basin 
Techniques were developed and t e s t e d  f o r  performing both energy 
and s u l f u r  balance ca lcu la t ions  on flows of energy resources containing 
s u l f u r  throughout t h e  economy of t h e  South Coast Air Basin. This  
approach serves  severa l  valuable  funct ions .  F i r s t ,  it provides a 
near ly  independent check on the  s p a t i a l l y  resolved emissions inventory 
required f o r  a i r  q u a l i t y  model v a l i d a t i o n ,  Next i t  es tab l i shes  t h e  t r u e  
current  emissions control  s t r a t e g y  i n  t h e  a i rshed by showing those  
po in t s  i n  t h e  system where s u l f u r  is captured o r  segregated i n t o  
products which will not lead to pollutant emissions. That is important 
because emissions con t ro l  may be occurr ing i n  ways no t  obvious from 
reading l o c a l  emissions con t ro l  regula t ions .  Po l lu tan t  emissions a r e  
connected t o  energy flows i n  a way t h a t  con t ro l  s t r a t e g y  questions 
involving f u e l  o r  process s u b s t i t u t i o n  can be  addressed. By forc ing 
the emissions inventory to be energy consistent, prospects for making 
p l a u s i b l e  emissions f o r e c a s t s  a r e  improved, 
Energy and s u l f u r  balance ca lcu la t ions  f o r  t h e  South Coast Air 
Basin in 1973 are summarized in Tables 3 and 4 .  The energy balance 
c loses  almost exac t ly ,  ind ica t ing  t h a t  t h e  sources and s inks  f o r  energy 
resources consumed i n  t h e  a i r  bas in  i n  t h a t  year  a r e  we l l  understood. 


A m a t e r i a l  balance on t h e  s u l f u r  supplied wi th in  those energy resources  
shows t h a t :  
@ V i r t u a l l y  a l l  of t h e  s u l f u r  e n t e r i n g  t h e  a i r  bas in  i n  t h a t  year  
a r r i v e d  i n  a b a r r e l  of crude o i l .  
6 Nearly 50 percent  of t h e  s u l f u r  a r r i v i n g  w a s  recovered a t  t h e  
r e f i n e r y  l e v e l  a s  elemental  s u l f u r  o r  s u l f u r i c  a c i d .  
Approximately 25 percent  of t h e  s u l f u r  was segregated i n t o  products 
like petroleum coke, a s p h a l t  and exported high s u l f u r  f u e l  o i l  
which would no t  be  burned l o c a l l y .  
4.4 percent  of t h e  s u l f u r  supply found i ts way i n t o  s o l i d  o r  l i q u i d  
wastes.  
@ A t  l e a s t  14 percent  of t h e  s u l f u r  was emitted t o  t h e  atmosphere. 
The f a t e  of 9.4 percent  of t h e  s u l f u r  supply was undetermined. Over 
70 percent  of t h a t  s u l f u r  imbalance was due t o  smal l  percentage 
d i f f e r e n c e s  between two independent es t imates  of t o t a l  s u l f u r  
suppl ied i n  crude o i l  ve r sus  t o t a l  s u l f u r  repor ted processed by 
r e f i n e r s .  This discrepancy would n o t  l e a d  t o  a s i g n i f i c a n t  change 
in atmospheric SO emissions estimates. 
X 
It was demonstrated t h a t  t h e  Los Angeles Basin i n  1973 was a l ready  
achieving g r e a t e r  than 80 percent  o v e r a l l  c o n t r o l  of i t s  p o t e n t i a l  
SO emissions. Any futurc emission control measures adopted must be 
X 
c o n s i s t e n t  wi th  mainta ining c o n t r o l  over a l l  of t h e  s u l f u r  which could 
ge t  i n t o  t h e  a i r  r a t h e r  than j u s t  t h a t  por t ion  which c u r r e n t l y  does 
become a i rborne .  
'The s p a t i a l l y  resolved inventory of s u l f u r  oxides emissions 
required f o r  a i r  q u a l i t y  model a p p l i c a t i o n  next was compiled from a 
source by source accounting of p o l l u t a n t  emissions. A g r i d  system 
was l a i d  down over t h e  c e n t r a l  por t ion of t h e  South Coast A i r  Basin 
a s  shown i n  Figure 11. Emissions es t imates  f o r  both s u l f u r  dioxide and 
primary s u l f a t e s  resolved over t h a t  g r id  system were obtained f o r  
the  twenty-six c l a s s e s  of mobile and s t a t i o n a r y  sources l i s t e d  i n  
Table 5 for  each month o f  the  years 1972 through 1 9 7 4 .  Major off-grid 
sources a t  l o c a t i o n s  shown i n  Figure 11 a l s o  were surveyed f o r  
inc lus ion  i n  t h e  air  q u a l i t y  model c a l c u l a t i o n s .  The s p a t i a l  d i s t r i -  
but ion of average d a i l y  t o t a l  s u l f u r  oxides emissions during 1973 
i l l u s t r a t e d  i n  Figure 12 w a s  obtained by over laying s i m i l a r  maps 
developed f o r  each source c l a s s  of i n t e r e s t .  
Figure 1 3  shows t h e  time h i s t o r y  of s u l f u r  oxides emissions from 
sources located wi th in  the  50 by 50 m i l e  square g r i d .  An underlying 
increment t o  s u l f u r  oxides emissions from mobile sources is  observed 
which shows l i t t l e  seasonal  v a r i a t i o n .  Added t o  t h a t  is a near ly  
constant  con t r ibu t ion  from miscellaneous s t a t i o n a r y  sources (p r inc ipa l ly  
from petroleum coke ca lc in ing  k i l n s ) .  Petroleum r e f i n e r y  process 
emissions a r e  shown, mostly from r e f i n e r y  f l u i d  c a t a l y t i c  cracking 
un i t s .  Emissions from chemical p l a n t s  (which cons t i tu ted  t h e  l a r g e s t  
s i n g l e  emissions source c l a s s  dur ing 1972) dec l ine  sharply  during 
our th ree  year  period of i n t e r e s t  as l o c a l  s u l f u r  recovery and s u l f u r i c  
acid  p l a n t s  added new emissions c o n t r o l  equipment. 
Figure  11 
The Central Portion of the South Coast A i r  Baain 
Showing the Grid System Used 
TABLE 5a 
1973 S u l f u r  Oxides Emissions Within t h e  5 0  by 50 Mi le  Square  Grid 
( i n  s h o r t  tons  p e r  day  a s  SO2) 
STATIONkRY SOURCES 
Fuel  Comhus t ion  
E l e c t r i c  U t i l i t i e s  
Ref ine ry  Fue l  
Other  I n t e r r u p t i b l e  Gas 
Customers 
Firm Gas Customers 
Chemical P l a n t s  
S u l f u r  Recovery 
S u l f u r i c  Acid 
Other  Chemicals  
Petroleum R e f i n i n g  and P r o d u c t i o n  
F lu id  C a t a l y t i c  Crackers  
Sour Water S t r i p p e r s  
Delayed Cokers  
Misc. R e f i n e r y  Process  
Oi l  F i e l d  Product  ion 
Misc. S t a t i o n a r y  Sources 
Petroleum Coke Ki lns  
G l s s s  Furnaces  
Metals  I n d u s t r i e s  
Mineral P r o d u c t s  
S w a g e  Treatment  D i g e s t e r s  
Other  I n d u s t r i a l  Precesses 
Permi t t ed  I n c i n e r a t c r s  
MOBILE SOURCES 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCr NOV DEC 
Autos and L t .  Trucks-Surface 17.17 17 .75  18.56 18.76 14.27 14.15 14.05 14.36 1 3 . 5 1  13 .51  16.95 15.70 
Autos and L t .  Trucks-Freeway 10.98 11.35, 11.87 12 .01  9.13 9.05 8 .99  9.19 8.64 8.64 10.85 10.05 
Heavy Duty Vehicles-Surface 10.18 10.50 10.94 11.05 10.99 10 .88  10 .80  10.99 10 .35  10.34 10 .71  9.90 
Heavy Duty Vehic les -Fr~eway  6.51 6.72 7.00 7.07 7.03 6.96 6.91 7.03 6 .62  6 . 6 1  6 .85  6.33 
Ai rpor t  Operat  i o n s  1 .06  1 .06  1 .06  1 . 0 6  1.06 1 .06  1.06 1 .06  1 . 0 6  1.06 1 . 0 6  1 .06  
Shipping Operat  i o n s  10 .13  10 .13  10 .13  1 0 . 1 3  10.13 10.13 1 0 . 1 3  10 .13  1 0 . 1 3  10.13 1 0 . 1 3  10 .13  
Railroad Opera t  i o n s  3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 3.32 
TOTAL 504.73 463.64 462.36 366.63 374.67 397.95 384.27 431.33 414.10 433.95 498.44 417.18 
ANNUAL 
I I I I I  
I I I I I  
I I I I I  
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 L O  L O  0.0 0.0 0.0 0.1 0.1 0.0 0.0 0 .0  0.0 0.0 0 . 2 y o . o  0.0 
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Figure 12 
Figure 13 
A s t rong seasonal v a r i a t i o n  i n  emissions from f u e l  burning 
sources is observed. Peak s u l f u r  oxides emissions from e l e c t r i c  
u t i l i t i e s  occur i n  the  winter  months a s  high p r i o r i t y  home heat ing 
customers increase  t h e i r  consumption of n a t u r a l  gas fo rc ing  low p r i o r i t y  
gas customers, including e l e c t r i c  u t i l i t i e s  and some i n d u s t r i e s , t o  
s h i f t  t o  combustion of s u l f u r b e a r i n g  f u e l  o i l .  An unusually 
severe  t e s t  f o r  our a i r  q u a l i t y  model has been i d e n t i f i e d .  A success- 
f u l  a i r  q u a l i t y  model appl ied during these  th ree  years  w i l l  have t o  
be a b l e  t o  t r ack  s t rong seasonal changes i n  emissions source s t reng th  
which a r e  usua l ly  s i x  months out  of phase with t h e  summer peak 
s u l f a t e  concentrations observed. 
5.0 Resul ts  of t h e  A i r  Quali ty Model Validation 
The a i r  q u a l i t y  dispers ion model was appl ied t o  simulation of 
Los Arrgeles sulfaLe a i r  qua l i ty  over each month of the  years  1972 
through 1974. Model r e s u l t s  c lose ly  reproduced observed s u l f a t e  
concentration p a t t e r n s  wi thin  t h e  c e n t r a l  por t ion of the Los Angeles 
Basin, p a r t i c u l a r l y  during t h e  years  1972 and 1973. Figures 14 through 
18 o u t l i n e  a i r  q u a l i t y  model r e s u l t s  i n  time s e r i e s  a t  severa l  
widely separated a i r  monitoring s i t e s .  In t h e  upper graph of each 
p a i r ,  the  s u l f a t e  a i r  q u a l i t y  model r e s u l t s  a r e  represented by 
a continuous hor izon ta l  l i n e  which r i s e s  and f a l l s  over time. The 
small c i r c l e s  i n d i c a t e  t h e  monthly means of s u l f a t e  observations 
a t  each monitoring site. The e r r o r  b a r s  represent  a 95 percent 
confidence i n t e r v a l  on the  ambient a i r  q u a l i t y  observations.  
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Approximately 80 percent of t h e  s u l f a t e  concentration predic t ions  
a t  LAAPCD a i r  monitoring s t a t i o n s  a r e  wi th in  t h e  e r r o r  bounds on 
t h e  ambient monitoring r e s u l t s .  Model predic t ions  t r ack  observed 
s u l f a t e  l e v e l s  c lose ly  a t  t h e  c r i t i c a l  CHESS s t a t i o n s  i n  the  eas te rn  
San Gabriel  Valley at Glendora and West Covina. A tendency t o  under- 
p r e d i c t  t h e  summer peaks observed near the  up-coast and down-coast 
edges of our study a rea  a t  Santa Monica and a t  Garden Grove and 
Anaheim during 1973 and 1974 was noted. An i l lus trat ion  of the correla- 
t i o n  between observed and predic ted s u l f a t e  concentrations over a l l  
monitoring s i t e s  combined is given i n  Figure 19. 
Source c l a s s  increments t o  predic ted s u l f a t e  a i r  qua l i ty  were 
examined i n  t i m e  s e r i e s  a t  each a i r  monitoring s t a t i o n ,  a s  shown 
i n  the  lower graphs of Figures 14 through 18. It was found t h a t  
th ree  t o  f i v e  source c l a s s e s  of roughly equal impact, p lus  back- 
ground s u l f a t e s ,  must be considered simultaneously i n  order  t o  come 
close to explaining sulfate  lcvele oboerved a t  most locations. For 
example, during t h e  year  1973 a t  downtown Los Angeles, con t r ibu to rs  t o  
the  annual mean s u l f a t e  concentra t ions  observed were est imated t o  be: 
B a c k g r o u n d  s u l f a t e s  - 28% 
E l e c t r i c  u t i l i t y  generating s t a t i o n s  - 23% 
H e a v y  duty mobile sources - 15% 
S u l f u r  recovery and s u l f u r i c  a c i d  p l a n t s  - 12% 
P e t r o l e u m  r e f i n i n g  and production - 11% 
SULFRTE R IR  QUFILITY MODEL RESULTS - 1973 
MONTHLY MEANS FIT TEN R I A  MONITORING STRTIONS 
1 I I I 
10 20 30 40 
PREDICTEO SO4 IrL;H/M3 
& Autos and l i g h t  t rucks  - 4% 
P e t r o l e u m  coke ca lc in ing  k i l n s  - 3% 
0 All remaining sources - 4% 
The r e l a t i v e  importance of p a r t i c u l a r  source c l a s s e s  v a r i e s  from one 
monitoring s i t e  t o  another,  but  no s i n g l e  source c l a s s  c l e a r l y  
dominates t h e  observed s u l f a t e  concentrations.  The impl icat ion is  t h a t  
a mixed s t r a t e g y  t a rge ted  a t  a combination of source types w i l l  be 
needed i f  s i g n i f i c a n t  s u l f a t e  air  q u a l i t y  improvements a r e  t o  be 
achieved i n  t h i s  a i r shed  through precursor SOx control .  
A seasonal v a r i a t i o n  i n  the  o v e r a l l  r a t e  of SO2 oxidat ion i n  the  
Los Angeles atmosphere was in fe r red  from simultaneous comparison of 
observations and model p red ic t ions  a t  a l a r g e  number of monitoring 
s i t e s .  A s  shown i n  Table 6, monthly mean SO2 oxidation r a t e s  of 
he twpen  0.5 p e r c e n t  p e r  hour and 3 p e r c e n t  per honr p r e v a i l  from 
October through February of our t e s t  years.  During l a t e  spr ing,  
summer, and e a r l y  f a l l ,  SO2 oxidat ion r a t e s  were estimated t o  jump t o  
an average of about 6 percent  per hour, with ind iv idua l  months 
ranging + 2 percent per hour about t h a t  mean value.  Those numerical 
r e s u l t s  must be q u a l i f i e d  s i n c e  a b e t t e r  understanding of seasonal 
t rends  i n  background s u l f a t e  concentra t ions  o r  SO2 deposi t ion ve loc i ty  
could a l t e r  t h e  outcome somewhat. 
One s t r i k i n g  f e a t u r e  of Los Angeles s u l f a t e  a i r  q u a l i t y  is  t h a t  
average upwind/downwind concentration gradients  observed between 
TABLE 6 
Month 
January 
February 
March 
Apri l  
May 
June 
Ju ly  
August 
September 
October 
November 
December 
Calculated Rate of SO2 Oxidation t o  Form Sul fa tes  
i n  the  Los Angeles Atmosphere, i n  Percent per  Hour 
(Overall Average Values of k f o r  the Month Shown) 
Three year 
1972 1973 1974 mean 
Notes: (a) Average value from f i e l d  measurement program i n  t h a t  month. 
(Roberts, 1975) 
monitoring s i t e s  a r e  r a t h e r  small  i n  s p i t e  of t h e  highly  loca l i zed  
na tu re  of major SO emission sources. Annual average s u l f a t e  a i r  
X 
quality model  prediction^ ~hown i n  Figurcs 20 through 22 confirm that 
observation: most monitoring s i t e s  l i e  wi th in  the  10 and 15 pgm/m 3 
i sop le ths  i n  a l l  years  of i n t e r e s t .  The a i r  q u a l i t y  model r e s u l t s  
of Figures 23 and 24 showing ind iv idua l  source c l a s s  con t r ibu t ions  
t o  observed s u l f a t e  a i r  q u a l i t y  help t o  expla in  t h i s  phenomenon. In  
winter months with a pronounced d a i l y  sca btceze/land breeze w i n d  
r eversa l ,  a i r  pa rce l  t r a j e c t o r i e s  wander widely over t h e  bas in .  Sulfur  
oxides emitted from a l l  source c l a s s e s  a r e  dispersed widely wi thin  the  
a i r shed  by t h e  r o t a t i o n  of t h e  wind vectors .  I n  con t ras t ,  during 
mid-summer, onshore flow p e r s i s t s  f o r  most of the  day, However, the  
sequen t ia l  s i t i n g  of major SOx sources along the coast  means t h a t  t h e  , 
c e n t r a l  por t ion  of t h e  a i r  bas in  is downwind of one major source 
group o r  another a t  most t i m e s .  L a t e r a l  d i spers ion  of emissions 
is  j u s t  about s u f f i c i e n t  t o  balance s u l f a t e  formation, wi th  the  r e s u l t  
t h a t  upwind/downwind po l lu tan t  g rad ien t s  a r e  r a t h e r  small  i n  s p i t e  
of t h e  d i r e c t  in land t ranspor t  from sources t o  receptors .  Annual 
mean s u l f a t e  concentra t ions  a r e  fu r the r  smoothed by seasonal t r anspor t  
cycles  i n  which peak s u l f a t e  concentra t ions  appeared f a r  inland during 
the  summer and near t h e  coast  during the  winter .  
I n  January 1972, extreme r e s u l t a n t  wind s tagnat ion occurred 
during a period of high SOx emissions. The highest  loca l i zed  s u l f a t e  
concentration p red ic t ions  f o r  any month of our th ree  year period 
occurred a t  t h a t  time. While such extended s tagnat ion is unusual, the  
FIVERRGE SULFRTE CONCENTRFIT I ONS t W / M 8  1 
SYMBOL YDNlTORlNG AGEYCY 
-
GLENOORA 
CALENDAR YEAR 1972 
Figure 20 
RVERAGE SOLFRTE CONCENTRATIONS ( kGl/Ms 
T 1- 
MAJOR 501 SOURCES 
E M 6 S : O N S  W E R  25 TONS/YEAR 
A STEAM POWER PLANTS I Y' 
a OIL REFINERIES 
(I CHEMICAL PLANTS/ 
SULFUR SCAVENGER PLAHTS LJ 
F OTHER SOURCES 
- h 
CALENDAR YERR 1973 
FlZgure 21  
FIVEARE SULFATE CONCENTRRTI ONS ( M31/M3 1 
A CHESS 
a LAAPCD 
0 NASN 
GLENDORA 
&WEST 
COVINA 
LYNWOOD 
CALENOAR YERR 197U 
Figure 22 
SULFRTE RIR WRILTY I K R E K N T  DUE TO 
ELECTRIC UTILITY BOILERS (JJGH/H*) 
SULFRTE R IR  OWILTY INCREMENT DUE TO 
OTHER FUEL BUfiNI NG SWRCES t S K / W  
FEBRLRRY 1972 
Figure  23a 
SULFRTE RIR OURILrY INCREENT 0 E  TO 
CHEHICRL PLRNTS t rr;wns , 
FEBRURRY 1972 
Figure  23b 
SUCFRTE AIR WAILTY INCREENT DUE TO 
PETROLEUM INDUSTRY PROCESSES (UGn/BJ 
FEBRUFlRY 1972 
Figure  23c 
FEBRW1RY 1972 
Figure  23d 
SIII F R F  RIR QURILTY INCFEENT DUE TO 
MISCELLRNEWS STRTIONARY SOURCES (clc*c/W) 
SUL FRTE R I R  WRlLTY INCREMENT Dl!€ TO 
AUTOS AND L I M T  TRUCKS ( I I G W M * )  
FEBRURRY 1972 
Figure  23e 
SULFRTE RIR QURILTY INCREMENT DUE TO 
OTHER MOBILE SOURCES (L1Gn/M3 ) 
Figure  23f 
SULFRTE RIR QUAILTI INCREMNT DUE TO 
ALL SOURCES PLUS BRCKGROUND i m/nr ) 
FEBfWfRY 1972 
Figure  23g 
FEBRURRY 1972 
Figure  23h 
SULFATE AIR WRILTY INCREKNT DUE TO 
ELECTRIC UTILITY BOILERS (crtn/fltl 
JULY 1973 
Figure  2 4 a  
SULFATE RIR QURlLTY INCREMENT DUE TO 
Ct63lILRL PLRNTS ( PGM/Ra ) 
SOLFRTE AIR QWllLTY INCREMENT OUE TO 
O M R  FUEL BURNING SOWTCES ( G H / M S )  
JULY 1973 
Figure  24b  
SULFRTE AIR QURILTY INCREMENT DUE TO 
PETROLEUM INDUSTRY PROCESSES (IrGn/Ma) 
JULY 1973 
F i g u r e  2 4 c  
JULY 1973 
Figure  24d 
SULFATE R IR  WAILTY INCREMENT W E  TO 
HISCELLRNEOUS STRTIONRRY SOURCES (UGH/W) 
JULY 1973 
Figure  24e 
SULFATE AIR QURILTY INCREHENT DUE TO 
OTHER MOBlLF SMlWES [uTH/M*) 
JLLY 1973 
Figure  24g 
SVLFRTE R IR  OWllLTY INCEHENT DUE TO 
RUTOS RNO L I W T  TRUCXS CLICn/M') 
J U Y  1973 
Figure  24f 
SULFATE AIR QURILTY INCREMENT DUE TO 
RCL SOURCES PLUS BAtKGRWlNO t &H/Ma 1 
X l l Y  1973 
Figure  24h 
fact that it can occur means that sulfate air quality control strategy 
design must consider avoidance of wintertime as well as summertime 
pollution episodes in Los Angeles. 
6.0 The Relationship Between Sulfate Air Quality and Visibility 
Techniques were developed for analysis of the long-run impact of 
pollutant concentrations on visibility at downtown Los Angeles. Exist- 
ing statistical models which use particle chemical composition as a 
key to particle size and solubility were reviewed. An analysis of 
vapor pressure lowering over solutions of e lectrolytes  was used to add 
structure to these models so that the relative humidity dependence of 
light scattering by hygroscopic aerosols could be represented in a 
more physically realistic manner. Light absorption by NO2 was added to 
the analysis. 
Coefficients were fit to the model based on air pollution control 
agency routine air monitoring data taken at downtown Los Angeles over 
the decade 1965 through 1974. It was found that principal contributors 
to  v i s i b i l i t y  reduction a t  downtavn Los Angeles include sulfates a~lcl 
oxides of nitrogen (NO2 and nitrates). There is a pronounced increase 
in light scattering per unit sulfate solute mass on days of high 
relative humidity, as would be expected for a hydroscopic or deli- 
quescent substance. Light extinction by SULFATES was quantified as 
0.107 (1-RH) -0.53 (10~1n)-~ per ugm/m3, where RH stands for relative 
humidity in (%/loo) and SULFATES is taken as 1.3 times the measured 
- 
SO4- concentration in order to account for the mass of associated cations, 
That functional. relationship between light extinction by s u l f a t e s  
and r e l a t i v e  humidity was compared t o  t h e o r e t i c a l  ca lcu la t ions  f o r  
l i g h t  s c a t t e r i n g  by ammonium s u l f a t e  aerosols .  Our r e s u l t s  were 
found t o  be  s imi la r  i n  shape but  s l i g h t l y  higher than t h e  t h e o r e t i c a l  
ca lcu la t ion  would ind ica te .  These small  d i f fe rences  between theory 
and ana lys i s  of Los Angeles observations may be due t o  the  devia t ion of 
an a c t u a l  human observer 's  v i s u a l  acuteness  from t h a t  assumed by 
Koschmieder. 
Having developed and fitted a m o d e l  represent ing  a decade n f  
atmospheric events,  i t  becomes poss ib le  t o  examine t h e  l i k e l y  long- 
run response of v i s i b i l i t y  i n  the  Los Angeles bas in  t o  a l t e r e d  l e v e l s  
of p a r t i c u l a t e  s u l f a t e s .  It was estimated t h a t  t h e  v i s i b i l i t y  impact 
of reducing s u l f a t e s  t o  a ha l f  o r  t o  a quar te r  of t h e i r  measured 
historic values on each past day of record would be manifested most 
c l e a r l y  i n  a reduct ion of the  number of days per  year  with average 
v i s i b i l i t y  l e s s  than th ree  m i l e s .  For example, a s  shown i n  Figure 25, 
a 50 percent reduction i n  s u l f a t e s  l e v e l s  on a d a i l y  b a s i s  would have 
reduced the  number of days with worse than three-mile v i s i b i l i t y  by 
about one h a l f ,  while improvement i n  t h e  number of days of average 
v i s i b i l i t y  g rea te r  than t e n  miles would be much smal ler ,  about 10 
percent.  
Figure 25 
7.0 Toward Emission Control St ra tegy Analysis 
The r e s u l t s  of the  a i r  q u a l i t y  and v i s i b i l i t y  models can be used 
t o  evaluate  s u l f a t e  a i r  q u a l i t y  con t ro l  s t r a t e g y  opt ions .  Example 
ca lcu la t ions  worked f o r  the  year  1973 i n  Figure 26 show t h a t  a 43  
percent reduct ion i n  annual mean s u l f a t e  concentrations at  downtown 
Los Angeles could have been achieved i n  t h a t  year through app l ica t ion  
of the  SOx emission con t ro l  technologies suggested by Hunter and 
Helgeson (1976). A second s t r a t e g y  predic ted i n  p a r t  on deregula t ion 
of t h e  p r i c e  and a v a i l a b i l i t y  of new n a t u r a l  gas supp l ies  t o  indust ry  
could have achieved about a 49 percent  decrease i n  s u l f a t e  concentra- 
t i o n s  i n  1973 a t  lower cos t  than a purely  technological  so lu t ion  t o  
t h e  Los Angeles s u l f a t e  problem. 
STATIONARY SOURCE EMISSION CONTROLS 
IDENTIFIED BY HUNTER AND HELGESON (1976) 
APPLIED TO SOX EMISSIONS SOURCES LOCATED 
IN THE SOUTH COAST AIR BASIN 
AS THEY EXISTED IN 1973 
BASE CASE: ACTUAL 1973 ANNUAL MEAN SULFATE 
CONCENTRATION ESTIMATE FROM AIR QUALITY MODEL 
16 CHEMICAL PLANT CONTROL UMXR RULE 53.3 
RESIDWL FUEL OIL MEE'IS 0.3OA SULFUR RULE 
PETROLEUM COKE KILN SCRUBBERS 
STEEL MILL COKE GAS DESULFURlZATl ON 
STEELMILL SNTER 
8 PLANT SCRUBBER 
ANNUAL C O S T  OF E M I S S I O N  CONTROL BEYOND 
THAT ACTUALLY ACHIEVED IN 1973  
(lo6 DOLLARS/YEAR: 1975-76 COST BASIS) 
NOTE; This figure accompanies a sulfate  a i r  quality control strategy 
example calculation. It applies to conditions in that airshed as they 
existed in 1973. Further reductions in natural gas supply beyond the 
levels of service observed in 1973 will greatly increase the annual 
cost of the emissions control strategy pictured in the upper curve of 
this graph. Changes in assumptions about emissions control technology 
or clean fuel availability and price could significantly alter the cost 
effectiveness shown. This figure was constructed to illustrate the 
means by which the description of airshed physical processes developed 
in this study can be used almost immediately to formulate emission 
control strategies for sulfates in the South Coast Air Basln. It should 
not be interpreted as containing a control strategy recommendation. 
(Reproduction of this figure without this caption will not be authorized.) 
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